Introduction {#Sec1}
============

The standard model (SM) of particle physics has been exceptionally successful in accommodating a multitude of experimental measurements and observations, yet it falls short in a variety of aspects. These shortcomings motivate theoretical extensions of the SM that typically introduce new particles, which could be created in proton--proton ($\documentclass[12pt]{minimal}
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                \begin{document}$$\text{ p }{}{}$$\end{document}$) collisions at the CERN LHC. In this analysis, we test theoretical models that predict new heavy resonances that decay to pairs of vector bosons ($\documentclass[12pt]{minimal}
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                \begin{document}$$\text{ V }{}{}$$\end{document}$ bosons). These models usually aim to clarify open questions in the SM such as the large difference between the electroweak and the Planck scales. We consider the bulk scenario of the Randall--Sundrum (RS) model with warped extra dimensions \[[@CR1]--[@CR5]\], where the spin-2 bulk graviton has an enhanced branching fraction to massive particles, and the heavy vector triplet (HVT) framework \[[@CR6]\], which serves as a template that reproduces a large class of explicit models predicting spin-1 resonances.

No significant deviations from the SM background expectation have been observed in previous searches by the CMS Collaboration for such particles in the $\documentclass[12pt]{minimal}
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                \begin{document}$$\text{ H }{}{}$$\end{document}$ denotes the Higgs boson. Similar results were obtained independently by the ATLAS Collaboration in $\documentclass[12pt]{minimal}
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                \begin{document}$$\text{ H }{}{}$$\end{document}$  \[[@CR24]--[@CR26]\] resonance searches. In addition, statistical combinations of diboson and leptonic decay channels of the 2016 data set \[[@CR27], [@CR28]\] have been performed, which extend the exclusion regions of the individual analyses. Lower limits on the masses of these resonances have been set at the $\documentclass[12pt]{minimal}
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                \begin{document}$$\text {Te}\text {V}$$\end{document}$, in the decays of which the vector bosons are produced at high Lorentz boost. Because of the large boost of the vector bosons, their decay products are merged into single, large-radius jets, leading to dijet final states. These jets are identified through dedicated jet substructure algorithms. Compared to previous analyses in this final state \[[@CR7], [@CR10], [@CR21], [@CR23], [@CR25], [@CR29]\], an improved background estimation and signal extraction procedure based on a three-dimensional (3D) maximum likelihood fit is employed, increasing the sensitivity of the analysis. The method can be applied to any search with final states expected to cause resonant behaviour in three observables, whereas previous methods used solely the invariant mass of the final decay products as the search variable. The improved sensitivity and scope has motivated a reanalysis of the $\documentclass[12pt]{minimal}
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                \begin{document}$$\text{ p }{}{}$$\end{document}$ collision data collected by the CMS experiment during the 2016 data taking period, as well as a first analysis of the 2017 data set, corresponding to a total integrated luminosity of 77.3 $\documentclass[12pt]{minimal}
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The CMS detector {#Sec2}
================

The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diameter, providing a magnetic field of 3.8 T. Within the solenoid volume are a silicon pixel and strip tracker, a lead tungstate crystal electromagnetic calorimeter, and a brass and scintillator hadron calorimeter, each composed of a barrel and two endcap sections. Forward calorimeters extend the pseudorapidity ($\documentclass[12pt]{minimal}
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                \begin{document}$$\eta $$\end{document}$) coverage provided by the barrel and endcap detectors. Muons are detected in gas-ionization chambers embedded in the steel flux-return yoke outside the solenoid. A more detailed description of the CMS detector, together with a definition of the coordinate system used and the relevant kinematic variables, can be found in Ref. \[[@CR30]\].

Events of interest are selected using a two-tiered trigger system \[[@CR31]\]. The first level, composed of custom hardware processors, uses information from the calorimeters and muon detectors to select events at a rate of around 100 kHz within a time interval of less than 4$\documentclass[12pt]{minimal}
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                \begin{document}$$\,\upmu \text {s}$$\end{document}$. The second level, known as the high-level trigger, consists of a farm of processors running a version of the full event reconstruction software optimized for fast processing, and reduces the event rate to around 1 kHz before data storage.

Simulated events {#Sec3}
================

The resonances associated with the considered phenomenologies are the bulk gravitons ($\documentclass[12pt]{minimal}
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                \begin{document}$${\text {Z}}^{\prime }$$\end{document}$) that can be part of an heavy vector triplet \[[@CR6]\] or can be mass degenerate as a vector singlet \[[@CR32], [@CR33]\].

The bulk graviton model is characterized by two free parameters: the mass of the first Kaluza--Klein (KK) excitation of a spin-2 boson (the KK bulk graviton), and the ratio $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\tilde{\kappa }=\kappa \sqrt{8\pi }/{M_\mathrm {Pl}} $$\end{document}$, with $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\kappa $$\end{document}$ being the unknown curvature scale of the extra dimension and $\documentclass[12pt]{minimal}
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                \begin{document}$$\tilde{\kappa }=0.5$$\end{document}$ is considered in this analysis, as motivated in Ref. \[[@CR34]\].

The HVT framework generically represents a large number of models predicting additional gauge bosons, such as the composite Higgs \[[@CR35]--[@CR39]\] and little Higgs \[[@CR40], [@CR41]\] models. The benchmark points are formulated in terms of a few parameters: two coefficients $\documentclass[12pt]{minimal}
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                \begin{document}$$c_{\text{ H }{}{} {}}$$\end{document}$, that scale the couplings of the additional gauge bosons to fermions; to the Higgs boson and longitudinally polarized SM vector bosons, respectively, and $\documentclass[12pt]{minimal}
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                \begin{document}$$g_{\mathrm{V}}$$\end{document}$, representing the typical strength of the new vector boson interaction. For the analysis presented here, samples were simulated in the HVT model B, corresponding to $\documentclass[12pt]{minimal}
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                \begin{document}$$c_{\mathrm{F}}=1.02$$\end{document}$ \[[@CR6]\]. For these parameters, the new resonances are narrow and have large branching fractions to vector boson pairs, while the fermionic couplings are suppressed.

All signals considered in the analysis satisfy the narrow-width approximation. The quoted results are therefore valid independent of the exact theoretical signal widths as long as the resonance widths remain smaller than the detector resolution. This makes our modelling of the detector effects on the signal shape independent of the actual model used for generating the events. All simulated samples are produced with a relative resonance width of 0.1%, in order to be within the validity of the narrow-width approximation. Monte Carlo (MC) simulated events of the bulk graviton and HVT signals are generated at leading-order (LO) in quantum chromodynamics (QCD) with [MadGraph]{.smallcaps} 5_a[mc\@nlo]{.smallcaps} versions 2.2.2 and 2.4.3 \[[@CR42]\] and hadronization showering is simulated with [pythia]{.smallcaps} versions 8.205 and 8.230 \[[@CR43]\], for 2016 and 2017 detector conditions, respectively. The NNPDF 3.0 \[[@CR44]\] LO parton distribution functions (PDFs) are used together with the CUETP8M1 \[[@CR45]\] and CP5 \[[@CR46]\] underlying event tunes in [pythia]{.smallcaps} for 2016 and 2017 conditions, respectively.

Simulated samples of the SM background processes are used to optimize the analysis and create background templates, as described in Sect. [5](#Sec9){ref-type="sec"}. The QCD multijet production is simulated with four generator configurations: [pythia]{.smallcaps} only, the LO mode of [MadGraph]{.smallcaps} 5_a[mc\@nlo]{.smallcaps}  \[[@CR47]\] matched and showered with [pythia]{.smallcaps} , [powheg]{.smallcaps}  \[[@CR48]--[@CR51]\] matched and showered with [pythia]{.smallcaps} , and [herwig]{.smallcaps} ++ 2.7.1 \[[@CR52]\] with the CUETHS1 tune \[[@CR45]\]. Top quark pair production is modelled at next-to-LO (NLO) with [powheg]{.smallcaps}  \[[@CR53]\], showered with [pythia]{.smallcaps} . To calculate systematic uncertainties related to the vector boson tagging efficiency, two additional simulated samples of top quark production at LO are used: one generated with [MadGraph]{.smallcaps} 5_a[mc\@nlo]{.smallcaps} and interfaced with [pythia]{.smallcaps} , and the second one generated and showered with [pythia]{.smallcaps} . The production of $\documentclass[12pt]{minimal}
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                \begin{document}$$\text{ V }{}{}$$\end{document}$ +jets) is simulated at LO with [MadGraph]{.smallcaps} 5_a[mc\@nlo]{.smallcaps} matched and showered with [pythia]{.smallcaps} . The same underlying event tune as for the signal samples is used for those of the background. Two corrections dependent on the transverse momentum ($\documentclass[12pt]{minimal}
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All samples are processed through a [Geant4]{.smallcaps}-based \[[@CR57]\] simulation of the CMS detector. To simulate the effect of additional pp collisions within the same or adjacent bunch crossings (pileup), additional inelastic events are generated using [pythia]{.smallcaps} and superimposed on the hard-scattering events. The MC simulated events are weighted to reproduce the distribution of the number of reconstructed pileup vertices observed in the 2016 and 2017 data separately.

Reconstruction and selection of events {#Sec4}
======================================

Jet reconstruction {#Sec5}
------------------

Event reconstruction is based on the particle flow (PF) algorithm \[[@CR58]\], which reconstructs and identifies individual particles with information from the various elements of the CMS detector. Jets are reconstructed from these particles, using the anti-$\documentclass[12pt]{minimal}
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                \begin{document}$$R=0.8$$\end{document}$ (AK8 jets) as implemented in the [FastJet]{.smallcaps} package \[[@CR60]\]. In order to mitigate the effect of pileup, two different algorithms are used: for 2016 data and simulation, charged particles identified as originating from pileup vertices are excluded before jet clustering begins. For 2017, we take advantage of the pileup per particle identification (PUPPI) \[[@CR61]\] algorithm. This method uses local shape information of charged pileup, event pileup properties, and tracking information in order to rescale the four-momentum of each neutral and charged PF candidate with a weight that describes the likelihood that each particle originates from a pileup interaction. All jets are further required to pass tight jet identification requirements \[[@CR62]\]. Jets are corrected for nonlinearities in $\documentclass[12pt]{minimal}
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                \begin{document}$$\eta $$\end{document}$ using jet energy corrections as described in Ref. \[[@CR63]\]. Additionally, residual contributions from pileup are corrected using the approach outlined in Ref. \[[@CR64]\].

Two variables are used to tag jets as potentially originating from vector boson decays to quarks for further event selection: the "groomed" mass of the jet obtained using a modified mass drop algorithm \[[@CR65], [@CR66]\] known as soft drop \[[@CR67]\], and the *N*-subjettiness ratio $\documentclass[12pt]{minimal}
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                \begin{document}$$\tau _{21} =\tau _{2}/\tau _{1}$$\end{document}$ obtained with the *N*-subjettiness algorithm \[[@CR68]\]. For both 2016 and 2017 data these observables are reconstructed from AK8 jets with PUPPI pileup mitigation applied, decreasing their dependence on pileup as shown in Ref. \[[@CR62]\], while the overall jet four-momenta are calculated using the pileup mitigation algorithms as described above.

The groomed jet mass is calculated using the soft drop algorithm, with angular exponent $\documentclass[12pt]{minimal}
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                \begin{document}$$R_{0}=0.8$$\end{document}$ \[[@CR67]\], which is applied to remove soft, wide-angle radiation from the jet. This is a generalization of the "modified mass" drop tagger algorithm  \[[@CR65], [@CR66]\], and the two are identical when the angular exponent $\documentclass[12pt]{minimal}
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This algorithm is used for the offline analysis, while the jet-trimming algorithm \[[@CR71]\] is used at trigger level, see Sect. [4.2](#Sec6){ref-type="sec"}. The jet-trimming algorithm reclusters each AK8 jet starting from all its original constituents using the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$k_{\mathrm {T}}$$\end{document}$ algorithm \[[@CR72]\] to create subjets with a size parameter $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$R_{\mathrm{subjet}}$$\end{document}$ set to 0.2, discarding any subjet with $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$p_{\mathrm{T}} ^{\mathrm{subjet}}/p_{\mathrm{T}} ^{\mathrm{jet}}<0.03$$\end{document}$.
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Trigger and preliminary offline selection {#Sec6}
-----------------------------------------

Events are selected online with a variety of different jet triggers based on the highest jet $\documentclass[12pt]{minimal}
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The trigger efficiency as a function of the dijet invariant mass is measured in an orthogonal single muon data set, shown in Fig. [3](#Fig3){ref-type="fig"}, using a combination of all triggers (upper), and as a function of the jet mass for the triggers exploiting the trimmed jet mass (lower). For the trimmed jet mass triggers, the efficiency plateau as a function of the jet mass does not reach 100% for the full 2017 data set (full yellow circles), since these triggers were not used for the first 4.8$\documentclass[12pt]{minimal}
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All events are required to have at least one primary vertex reconstructed within a 24$\documentclass[12pt]{minimal}
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Event selection {#Sec7}
---------------
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Substructure variable corrections and validation {#Sec8}
------------------------------------------------

Figure [4](#Fig4){ref-type="fig"} shows a notable deviation in the shape of the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\tau _{21}^{\mathrm{DDT}}$$\end{document}$ distribution between data and simulation. Such mismodelling introduces a bias in the jet tagging efficiency for the signal, and as a consequence in the measured signal rate. We therefore compute scale factors to correct the signal efficiency accordingly. For the background jets, this mismodelling requires no further correction, because of the data-driven approach adopted in this analysis, where the background shape and normalization are fitted to data with large pre-fit uncertainties as described in the following sections.
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The efficiencies and scale factors obtained are listed in Table [1](#Tab1){ref-type="table"} for 2016 and 2017 data, with the corresponding fits shown in Fig. [5](#Fig5){ref-type="fig"}. The $\documentclass[12pt]{minimal}
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The multi-dimensional fit {#Sec9}
=========================

The background estimation technique used in previous versions of this analysis \[[@CR7], [@CR10], [@CR29]\] relied on a one-dimensional (1D) fit of the dijet invariant mass after a tight jet mass selection (65--105$\documentclass[12pt]{minimal}
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                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\text{ W }{}{}$$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\text{ Z }{}{}$$\end{document}$ boson signals, including all the events that would fall outside the mass window reduces the statistical uncertainties in the fitting procedure. Furthermore, the background $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$m_{\mathrm{jj}}$$\end{document}$ shape is better constrained at high dijet invariant masses than it is in the previous method.

Fitting the jet mass and resonance mass together also allows us to add nuisance parameters that simultaneously affect the jet masses and the resonance mass, accounting for their correlation. We build a three dimensional background model starting from simulation. As the number of simulated events is small, a forward-folding kernel approach is used to ensure a full and smooth model, as described in Sect. [5.2.1](#Sec12){ref-type="sec"}. Further, to account for discrepancies in the QCD multijet background simulation and data, we allow the background model to adapt to the data using physically motivated shape variations.

The random jet labelling adapted in the analysis results in essentially the same jet mass distributions for jet-1 and jet-2 in the modelling and removes any correlations between the two jet masses. Thus only the distribution for one of the jet masses are shown in the following figures.

Signal modelling {#Sec10}
----------------
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Background modelling {#Sec11}
--------------------

### Nonresonant background {#Sec12}

As mentioned above, previous versions of this analysis estimate the QCD multijet background by a parametric fit to the data in the $\documentclass[12pt]{minimal}
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To build the 1D template for the dijet invariant mass, $\documentclass[12pt]{minimal}
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                \begin{document}$$P_{\text{ V }{}{} {}\text{ V }{}{} {}}$$\end{document}$, a 1D Gaussian kernel is constructed starting from particle-level quantities where, for each MC event, a Gaussian probability distribution, rather than a single point representing the mean, contributes to the total 1D pdf using the same procedure as for the 2D templates.

Because of the low number of events in the HPHP category, the 3D kernel derived in the HPLP category, which has a similar shape, is used to model the HPHP background. This is done by adapting the templates derived in the HPLP category to the HPHP category in the QCD multijet simulation through a fit, and then by using the corresponding post-fit distribution as the nominal template for the HPHP category. The free parameters in the fit are the alternate shapes proportional to $\documentclass[12pt]{minimal}
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                \begin{document}$$m_{\mathrm{jet}} $$\end{document}$, are shown in Fig. [9](#Fig9){ref-type="fig"}, compared to the spectra obtained using bare QCD multijet simulation events. Good agreement is observed, and any residual discrepancies are covered by the systematic shape uncertainties described in Sect. [6](#Sec14){ref-type="sec"} and also shown in Fig. [9](#Fig9){ref-type="fig"}. Repeating the template building process and performing fits to a control region in data where both jets fail the high-purity requirement confirms the validity of this approach. In addition, the adaptability of the method was further confirmed by fitting a QCD multijet background generated at NLO with [powheg]{.smallcaps} .

### Resonant background {#Sec13}

The resonant background is defined as all SM processes containing at least one jet originating from a genuine $\documentclass[12pt]{minimal}
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Systematic uncertainties {#Sec14}
========================

Systematic uncertainties in the background estimation {#Sec15}
-----------------------------------------------------

Uncertainties in the QCD multijet background shape are included in the fit using alternative pdfs derived with the template-building method described in Sect. [5.2.1](#Sec12){ref-type="sec"}. We define five nuisance parameters that vary the shape, each of the parameters corresponding to an upward and a downward variation of alternative shapes that simultaneously affect all three dimensions. The first nuisance parameter accounts for a variation of the underlying $\documentclass[12pt]{minimal}
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A similar procedure is used for the $\documentclass[12pt]{minimal}
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Systematic uncertainties in the signal prediction {#Sec16}
-------------------------------------------------

The dominant uncertainty in the signal selection efficiency arises from uncertainties in the boson tagging efficiency. The effect of this uncertainty is evaluated per jet and assumed to be fully correlated between both jets in the event. The $\documentclass[12pt]{minimal}
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Fig. 9Nominal QCD multijet simulation using [pythia]{.smallcaps} 8 (data points) and three-dimensional pdfs derived using a forward-folding kernel approach (black solid line), shown together with the five alternate shapes that are added to the multi-dimensional fit as shape nuisance parameters. The shapes for the high-purity (left) and low-purity (right) categories obtained with the 2017 simulation are shown for the projection on $\documentclass[12pt]{minimal}
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Statistical interpretation {#Sec17}
==========================

To test for the presence of narrow resonances decaying to two vector bosons we follow the $\documentclass[12pt]{minimal}
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Figures [10](#Fig10){ref-type="fig"} and [11](#Fig11){ref-type="fig"} show the $\documentclass[12pt]{minimal}
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                \begin{document}$$m_{\mathrm{jj}}$$\end{document}$ spectra in data for the high- and low-purity categories, respectively. The solid gray curves represent the results of the maximum likelihood fit to the data, allowing the signal yields to assume their best fit value, while the lower panels show the corresponding pull distributions, quantifying the agreement between the hypothesis of signal plus background and the data. The resonant background components are shown separately. A signal is superimposed onto all three projections corresponding to a signal yield as expected from the theoretical prediction and the analysis selection efficiency, and scaled by a factor of 5. The background yields in the signal region extracted from a background-only fit, together with their post-fit uncertainties, are summarised in Table [3](#Tab3){ref-type="table"} and compared with observations, separately for the two categories. The extracted $\documentclass[12pt]{minimal}
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No significant excess over the background estimation is observed. Upper limits on the production cross section at 95% confidence level ($\documentclass[12pt]{minimal}
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The expected upper limits obtained using the multi-dimensional fit method introduced here are compared to those obtained in a previous search \[[@CR29]\] using the same data set in order to estimate the sensitivity gain by using the new method. Figure [13](#Fig13){ref-type="fig"} shows the expected limits for one signal model based on an analyses of the data collected in 2016, using either the fit method presented here, or previous methods. We obtain a 20--30% improvement in sensitivity when using the multi-dimensional fit method, and about a 35--40% improvement when combining the data sets recorded in 2016 and 2017 relative to the individual results. The same conclusion holds for the other signal models investigated in this paper. The results obtained with the multi-dimensional fit are the best to date in the $\documentclass[12pt]{minimal}
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A search is presented for resonances with masses above 1.2  $\documentclass[12pt]{minimal}
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